Oxaliplatin is a third-generation platinum agent used in colorectal cancer treatment. Oxaliplatin resistance acquisition is a complex process mainly based on alteration of genes and pathways involved in its mechanism of action. Therefore, our purpose was to perform a gene expression screening in an in vitro model to identify genes that could play a role in oxaliplatin resistance acquisition processes. Four colorectal cancer cell lines and their oxaliplatinresistant derived sublines were compared. Microarray analysis was done using Human 19K Oligo Array Slides. RNA from cells were hybridized with a commercial RNA reference sample and labeled with both fluorochromes Cy3 and Cy5. Data were analyzed by hierarchical clustering method. Subsequently, quantitative real-time PCR (qRT-PCR) was used to corroborate microarray data, considering as positively validated those genes that showed significant differences in expression levels between groups and a correlation between microarray and qRT-PCR data. By microarray analysis, 32 candidate genes were identified. After validation process by qRT-PCR, the genes AKT1, CDK5, TRIP, GARP, RGS11, and UGCGL1 were positively validated. The 3 first genes proved to be involved in regulation of nuclear factor-KB antiapoptotic transcription factor previously related to drug resistance, and the other 3 genes are novel finds. We have identified 6 genes related to oxaliplatin resistance acquisition. These findings are of paramount importance to understand these processes better and open new lines of study to elucidate the relevance of this pharmacogenomic approach into the
Introduction
Colorectal cancer is the second leading cause of cancer related mortality in the western world. Approximately a quarter of patients have incurable cancer at diagnosis and half of the patients who undergo potentially curative surgery will ultimately develop metastatic disease (1) . The standard advanced colorectal cancer treatment is based on the administration of fluoropyrimidines (5-fluorouracil or capecitabine) combined with oxaliplatin, the topoisomerase I inhibitor CPT-11, and the monoclonal antibodies cetuximab, bevacizumab, or panitunumab. These newer combinations have significantly improved response rates (>50%) and prolonged overall survival (2) . However, drug resistance remains a major clinical challenge for cancer treatment. Although patients suffering from advanced colorectal cancer are in most cases initially responsive to the combined chemotherapy treatment, they later experience disease relapse due to eventual tumor recurrence and emergence of drug-resistant tumor cells.
Oxaliplatin (1,2-diaminocyclohexane-oxalate platinum) is a member of the family of platinum-containing chemotherapeutic agents that also include cisplatin and carboplatin (3) . Oxaliplatin is distinguished from these two other drugs by its different spectrum of activity both in preclinical models (4) and in clinical setting (5) . It is the only platinum analogue that has activity in colon cancer, a disease for which this drug has now become a mainstay of therapy (6, 7) . It mainly forms intrastrand adducts between two adjacent guanine residues or guanine and adenine disrupting DNA replication and transcription (3, 8) . Oxaliplatin has been reported to be involved in p38 kinase activation, phosphatidylinositol 3-kinase/AKT pathway, and caspase cascade activation mainly through the apoptotic intrinsic pathway (9 -11) . Damage induced by oxaliplatin has been reported to be repaired by the nucleotide excision repair pathway (12) . However, the downstream molecular events underlying the cytotoxic effects of this chemotherapeutic agent have not been well characterized.
The mechanisms involved in oxaliplatin resistance are still poorly understood. It is a multifactor process that has been related to decreased drug accumulation, increased detoxification and repair, enhanced tolerance to damage, alteration in pathways involved in cell cycle kinetics, and apoptosis inactivation (3, 13) . Platinum-resistant cells are characterized by reduced cellular drug accumulation and decreased DNA adducts formation. Increased levels of intracellular glutathione, abnormalities in apoptotic pathways, and alterations in DNA repair genes, such as ERCC1 and XRCC1, may also play a role (14 -16) . Levels of copper transporters ATP7B, ATP7A, and hCTR1 have been also related to platinum drug resistance (17, 18) . However, most of the previous studies have been focused on resistance to cisplatin (3).
In the last decade, gene expression profiling of human cancer has proved valuable in cancer research, providing valuable insight into mechanisms and targets involved in oncogenesis in several neoplasms (19, 20) . DNA microarray technology allows the simultaneous assessment of thousands of genes and this approach provides valuable means to identify novel molecular targets for therapeutic intervention.
To clarify the multifactor process of resistance mechanisms and to determine genes involved in several pathways potentially related to oxaliplatin resistance acquisition, the aim of this work is to establish an oxaliplatin acquired resistance in vitro model and perform a gene expression screening subsequently validated by quantitative real-time PCR (qRT-PCR). These genes could potentially be used as oxaliplatin predictive markers in colorectal cancer patients in future in vivo studies.
Materials and Methods

Cell Lines and Resistance Acquisition Processes
Human tumor-derived colorectal adenocarcinoma HT29, LoVo, DLD1, and LS513 cell lines (American Type Culture Collection) were used as the parental cells to obtain oxaliplatin-resistant sublines. Derivative cell lines HTOXAR3, LoVOXAR3, DLDOXAR3, and LSOXAR3 were established by weekly 24 h exposure to increase concentrations of oxaliplatin, starting on drug inhibitory concentration 50 (IC 50 ) during a 10-month period (18) . Cell growth was assessed after 7 days, with daily medium changes, by using the methylene blue technique comparing the sensitive parental and its corresponding oxaliplatin-resistant derivative cell line. Oxaliplatin dose increase was not carried out until oxaliplatin-resistant cells reached growing rates near 70% compared with their corresponding parental cells.
Cell viability testing was done periodically by MTT test (Roche Diagnostics). The resistance degree was proven to be stable after 4 weeks without oxaliplatin exposure. Cell lines were grown as monolayer in RPMI 1640 (Invitrogen) medium (DLD1, LS513, and their resistant sublines) and DMEM (Invitrogen) medium (HT29 and HTOXAR3) supplemented with 10% of heat-inactivated FCS (Biological Industries), 400 units/mL penicillin, 40 Ag/mL gentamicin, 2 mmol/L L-glutamine (Sigma), and 10 mmol/L HEPES (Sigma). LoVo and LoVOXAR3 were grown in Ham's F-12 (Invitrogen) with 20% FBS, 200 units/mL penicillin, and 20 Ag/mL gentamicin. All cell lines were cultured at 37jC in a humidified atmosphere of 5% CO 2 . Cells were routinely checked for Mycoplasma contamination by using a PCR-based assay (Stratagene).
Cell Viability Assay Oxaliplatin IC 50 determination and the subsequent analysis of resistance degree and cross resistance to other drugs were assessed by using MTT colorimetric assay. Cancer cells were seeded at a density of 2,000 per well in 96-well microtiter plates and allowed to attach. Cells were treated with a drug delivered for 24 h and fresh medium was added to each well. Cells were allowed to grow for 72 h. Subsequently, MTT was added for 4 h and absorbance was read at 590 nm the following day. Doses for each fraction of survival (ranging from 10% to 90% of cell viability) were determined in each cell line by using the median effect line method described in ref. 21 . The data reported in Table 1 represent the oxaliplatin IC 50 mean F SD of a minimum of three independent experiments with 8 wells at each drug concentration tested.
Drugs Oxaliplatin, cisplatin, and SN38 were prepared in water at a concentration of 10 mmol/L stock solution, in physiologic serum at a concentration of 3 mg/mL, and in DMSO at a concentration of 10 mmol/L stock solution, respectively, and stored at À20jC. Further dilutions of each drug were made in culture medium to final concentrations before use.
cDNA Microarray Hybridization For determination of basal levels, resistant cells were maintained in oxaliplatin-free medium for 1 month before the evaluation of the gene expression. Total RNA from cells was isolated using RNeasy mini kit (Qiagen) according to the instructions of the manufacturer. RNA quantification was done using a NanoDrop spectrophotometer (Nucliber). Total RNA (5 Ag) for each cell line was used to synthesize double-stranded cDNA using Superscript II reverse transcriptase (Invitrogen) and an oligo(dT) primer (Invitrogen). Gene expression analysis was carried out using the Human 19K Oligo Array slides (Center of Applied Genomics, University of Medicine of New Jersey). 4 Probes came from the Compugene collection and were spotted with the GeneMachines OmniriGrid Microarrayers from Genomic Solution in poly-L-lysine slides.
Resistant and sensitive cell lines were hybridized with a commercial RNA (Human Reference RNA; Stratagene). This approach was used to perform an analysis consisting of comparing two groups of cell lines (each cell line was considered as biological replicate in each group) and to obtain oxaliplatin resistance-related common genes (22, 23) .
Each sample was labeled with both fluorochromes Cy3/ Alexa Fluor 546 and Cy5/Alexa Fluor 647 (Dye Swap) in independent experiments to get a technical replica and a hybridization control for each sample. Labeling and hybridization processes were made by using Genisphere 3DNA Array-350 kit according to manufacturer's protocol (Genisphere). The data reported here have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus 5 and is available through Gene Expression Omnibus Series availability no. GSE10405.
Imaging and Data Analysis All slides were scanned with an Affymetrix Genetic Microsystems GMS418 Array scanner using the appropriate gains on the photomultiplier tube to obtain the highest intensity without saturation. A 16-bit TIFF image was generated for each channel, Cy3 and Cy5. The image analysis was done with ImaGene 4.1 software (Biodiscovery) to quantify the signal intensities. Data from spots not recognized by the ImaGene analysis software were excluded from further considerations (empty, poor, and negative spots). The data sets were imported into Microsoft Excel to analyze the quality of each feature. Normalization data were done with ArrayNorm 1.7.2 software by using Lowess and Dye Swap Sim Fix Filter methods. Visualization of results was carried out with the normalized data through average linkage and Euclidean distance as a measurement of similarity using Genesis 1.5.0 Software (Alexander Sturn, Institute for Genomics and Bioinformatics, Graz University of Technology). ANOVA was used to determine gene expression differences between resistant and sensitive groups. Every cell line was considered as a biological replicate in each group and we calculated ANOVA by using the mean of these replicates for each of the groups. Results obtained from microarray analysis were validated by using qRT-PCR. Because this is a very specific and precise methodology, we used (instead of procedures such false discovery rate) another high restrictive criteria (twosided P values < 0.01) to assess the statistical significant differences between two groups and determine the set of genes that would be subsequently validated.
Identification of Genes of Interest Identification of genes that showed expression changes between resistant and sensitive cells groups was made by using the Web searchers, 6 only considering well-annotated transcripts (not partial cds for hypothetical proteins, hypothetical insert cDNA clones, etc.).
BLAST hybridization 7 between identified genes sequence and corresponding spot oligonucleotide sequence was done to avoid false-positive hybridizations. TaqMan Gene Expression Assays (Applied Biosystems) for each selected gene were searched by using Applied Biosystems Web site searching tools. 8 Gene Expression Analysis by qRT-PCR Expression levels of genes that significantly correlated with oxaliplatin resistance were selected for further confirmation using qRT-PCR. In addition to significant correlation with oxaliplatin resistance, genes selected were those which showed the greatest expression range across the panel of 8 cell lines and the greatest expression differences between resistant and sensitive cell groups.
Reverse transcription was carried out with 3 Ag RNA and random hexadeoxynucleotide primers (Invitrogen) in 20 AL solution containing Moloney murine leukemia virus retrotranscriptase enzyme (Invitrogen). Template cDNA was added to TaqMan Universal Master Mix (Applied Biosystems) in a 12.5 AL reaction with specific primers and probe for each gene by using TaqMan Gene Expression Assays (Applied Biosystems) as follows: CDP (Hs00154566_m1), RGS11 (Hs00358686_m1), GUCY1B2 (Hs00188041_m1), GOLGB1 (Hs00189566_m1), CDK5 (Hs00358991_g1), AKT1 (Hs00178289_m1), GARP (Hs00194136_m1), TRIP (HS00183394_m1), SOX5 (Hs00753050_s1), RAB4B (Hs00535053_m1), SEMA4F (Hs00188642_m1), and UGCGL1 (Hs00219941_m1). Analysis of qRT-PCR was carried out using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Three replicate wells per gene per cell line were included in each plate and a minimum of three independent experiments were done.
Relative gene expression quantification was calculated according to the comparative threshold cycle method (2 -DDCt ; ref. 24) using h-actin and 18s rRNA as endogenous control genes, because it has been reported that the use of two housekeeping genes reduces variability data among samples. It is considered that a pair of housekeeping genes are good endogenous controls if the DCt between both is similar in all samples analyzed (25) . Human reference RNA (Stratagene) was used as calibrator sample (exogenous control). Normalized expression values were determined as follows: 2 -(DCt sample -DCt calibrator) , where DCt values were calculated by subtracting the Ct value (the PCR cycle at which the DNA amount reaches the detection threshold) of the target gene from the value of the geometric expression mean between endogenous control genes as described previously (25) . Fold change between resistant derivative and its parent sensitive cell line was calculated for each gene. SPSS 12.0 for Windows software was used to perform qRT-PCR statistical analysis. Correlation between qRT-PCR results and microarray data was calculated by using Spearman q test, considering a coefficient of correlation (R) over 0.5 and a significant P < 0.05 as positive validated data. Changes in gene expression comparing resistant cell lines group versus sensitive group by using qRT-PCR were calculated with Wilcoxon signed-rank test, considering as positively validated those genes with significant expression changes. Genes analyzed by qRT-PCR that were positively validated according to at least one of the two statistical tests were considered as acquired oxaliplatin resistance-related genes. P V 0.05 was considered significant.
Results
Oxaliplatin-Resistant Cell Lines Isolation
The isolation of HTOXAR3, LoVOXAR3, DLDOXAR3, and LSOXAR3 was started with an initial continuous exposure of their sensitive colorectal cancer parental cells HT29, LoVo, DLD1, and LS513 to their respective oxaliplatin IC 50 as described previously in ref. 18 . In the following passages, the cell number increased in the presence of the drug until the cells showed a stable growth curve and a survival rate near 70%. A similar sequence of events continued with the next increasing drug concentrations. After 10 months under oxaliplatin continuous exposure, resistant sublines acquired levels of resistance between 3-and 10-fold versus their sensitive parental cells (Table 1) . Moreover, oxaliplatin-resistant sublines were stable as they kept their resistance degree after 1 month in drug-free medium. To check for possible cross-resistance with other agents, sensitive and resistant cells were treated with cisplatin or SN38 (irinotecan active metabolite) for 24 h. As shown in Table 1 , oxaliplatin-resistant cells did not show cross-resistance with none of these drugs. Thereby, these cells were used at basal conditions as an oxaliplatin resistance in vitro model in the present study.
cDNA Microarray Analysis To analyze the basal levels of oxaliplatin resistancerelated gene expression, cell lines were classified into two groups: sensitive parental cells (S group) and resistant derived sublines (R group). In both groups, two technical replicas of each cell line were made for each hybridization experiment (Dye Swap). After quantification, filtration, and normalization analyses, 14,244 genes from the 19,200 contained in the slide were analyzed by Genesis 1.5.0 software. Gene expression differences were determined by using ANOVA function and 49 genes showed significant changes (P < 0.01) between both groups. According to hierarchical clustering analysis, this set of genes were classified in four groups or clusters that showed expression changes between R and S groups of cells, leading to a gene expression profile related to our in vitro oxaliplatin resistance acquisition model (Fig. 1) .
Identification and Selection of Genes from Microarray Analysis
Identification of genes process was done by using several gene Web searchers. Thirty-two of the 49 genes obtained in the clustering analysis were selected, whereas 17 genes that could not be identified were ruled out (Fig. 1) . From these, 12 were down-regulated and 14 up-regulated in R versus S group (Fig. 2) . Most of the oxaliplatin resistance-related genes could be classified according to gene ontology (Fig. 3) and were mainly involved in physiologic (55.8%) and cellular integrity (41.9%) processes. The sequences corresponding to the 32 genes identified were localized in the slides by hybridization experiments. To avoid falsepositive gene identifications, BLAST hybridization between these sequences and sequences corresponding to typified genes was done. As a result, 26 genes were validated and 6 sequences were recognized as false-positive identifications; consequently, they were ruled out. 
Validation of Selected Genes by qRT-PCR
A panel of 12 genes (AKT1, CDK5, CPD, GARP, GOLGB1, GUCY1B2, RAB4B, RGS11, SEMA4F, SOX5, TRIP, and UGCGL1) was selected as they showed the greatest expression range across cell lines and the greatest expression differences between both groups (see Materials and Methods). Basal levels of their corresponding mRNAs were evaluated in the eight cell lines and the calibrator sample to corroborate microarray data. The expression of 11 of 12 genes could be determined. Low expression values for SOX5 made its analysis impossible by qRT-PCR; thus, it was ruled out.
As shown in Table 2 , 6 of 11 genes were positively validated after qRT-PCR analysis (see Materials and Methods). According to Spearman q test, 5 genes (AKT1, CDK5, RGS11, TRIP, and UGCGL1) showed good correlation between qRT-PCR and microarray data (R > 0.5; P < 0.05). GARP also showed positive correlation (R > 0.5), but its associated P value was not significant. According to Wilcoxon signed-rank test, 4 genes (AKT1, CDK5, RGS11, and GARP) showed significant differences between R and S groups. TRIP and UGCGL1 genes also showed expression changes, but these did not reach a statistical significance. Although CPD, GOLGB1, GUCY1B2, RAB4B, and SEMA4F had been identified as oxaliplatin resistance-related genes by microarray analysis, these results could not be positively validated according to qRT-PCR data.
To summarize results, down-regulation of GARP, RGS11, and TRIP and up-regulation of AKT1, CDK5, and UGCGL1 were proven to be related to oxaliplatin resistance acquisition in our in vitro model.
Discussion
Resistance acquisition to chemotherapeutic agents is one of the main problems that come up during the treatment of all tumor types. The present work is focused on the study of oxaliplatin resistance in colorectal tumors. Moreover, mechanisms of oxaliplatin resistance are poorly understood, as most studies about resistance to platinum agents have been focused on cisplatin (3). We used four colorectal cancer cell lines and we were able to induce resistance to oxaliplatin, a drug widely used in the standard treatment of this tumor. The resulting oxaliplatin-resistant cells were not subcloned, similarly to most of the published works based on microarray analysis by using in vitro models (10, 13, 26) . The four colorectal cancer cell lines, which showed genotypic differences such as p53 status and RER phenotype, were analyzed jointly. Thereby, our approach allows emphasizing the involvement of selected genes in general mechanisms of oxaliplatin resistance acquisition and avoids processes due to individual characteristics of a particular cell line. It is important to point out that this is one of the few studies on drug resistance that include more than one resistant cell line (26) and all of them are of the same tumor type (13) .
Our study was based on the determination of oxaliplatin resistance-related genes detected by qRT-PCR starting at the results obtained from a previous genetic screening by using microarray technology. The set of genes obtained in this analysis was not considered when their expression was not validated by qRT-PCR technique. DNA microarrays provide an unprecedented capacity for whole genome profiling. However, the quality of gene expression data obtained from microarrays can vary greatly in platform and procedures used. Quantitative RT-PCR is a commonly used validation tool for confirming gene expression results obtained from microarray analysis and is often referred to as the ''gold standard'' for gene expression measurements due to its advantages in detection sensitivity, sequence specificity, large dynamic range, as well as its high precision and reproducible quantification compared with other techniques (26, 27) .
To begin characterizing our data functionally, 6 target genes were selected after validation analysis in our model: AKT1, CDK5, RGS11, GARP, TRIP, and UGCGL1.
Serine/threonine kinase AKT1 (v-AKT murine thymoma viral oncogene homologue 1) plays a critical role in cell survival. It is activated by phosphatidylinositol 3-kinase and transmits survival signals through phosphorylationdependent suppression of intracellular proapoptotic factors (28) . It is well known its implication in the activation of antiapoptotic mechanisms such as nuclear factor-nh (NF-nh) pathway (28) . Moreover, it plays an important role in early events of the colorectal carcinogenesis interacting with Wnt/h-catenin pathway (29) . In fact, the AKT1 signaling pathway is up-regulated in cancers, critical for tumorigenesis and chemoresistance, and therefore a critical target for cancer intervention and for overcoming drug resistance (30, 31) . The association between AKT1 activity and resistance to cisplatin has been reported in ovarian, lung, and breast cancer cell lines (32) . In lung cancer cisplatin-resistant cells, an increase in AKT1 mRNA levels was found compared with their sensitive parental cells (33) . Interestingly, our data corroborate these results in our oxaliplatin resistance in vitro model; indeed, it is important taking into account the low number of published studies about this issue.
CDK5 is a unique member of a small serine/threonine cyclin-dependent kinase family. Different from the other cyclin-dependent kinases, which are involved in cell cycle regulation, CDK5 is essential in neuronal development and is mainly expressed in the nervous system. Nevertheless, the presence of CDK5 in several tumor types has been reported (34, 35) . Kim et al. found higher expression levels of this gene in HT29 cells and colon tumor tissues in comparison with colon normal mucosa and suggested that CDK5 expression could play a role in colon cancer cell proliferation (34) . Interestingly, they suggested an antiapoptotic effect of this gene by indirectly inhibiting the peroxisome proliferator-activated receptor g (PPARg). It seems to be related to the inhibitory action of CDK5 over MEK1 (36) , protein involved in PPARg activation (37) . Moreover, the PPARg proapoptotic activity has been shown, as it reduces proliferation of colorectal tumors in vitro and in vivo (38) . Besides, Eichele et al. studied the effect of PPARg inhibition in chemoresistance (39) . They related PPARg down-regulation with resistance to cisplatin showing the involvement of this receptor in apoptosis elicited by this drug. Moreover, the inhibitory effect of PPARg activation has been described over NF-nB transcription factor (40) , previously related to platinum resistance (9, 41) . Thereby, our results would agree with these approaches because an up-regulation of CDK5 expression would be translated into a decrease in PPARg activation and consequently in a drug resistance acquisition.
TRIP is a component of the tumor necrosis factor receptor superfamily/TRAF signaling complex. Although its function in vivo is still unclear, some studies in vitro have shown the involvement of TRIP in the inhibition of the TRAF2-mediated NF-nh activation (42 -44) . It is known that NF-nh is responsible for the expression induction of several antiapoptotic genes (45) and its inhibition has been related to oxaliplatin activity enhancement (9) . Indeed, our results support these data because lower levels of TRIP would promote NF-nh activity and consequently resistance to the drug.
The other three genes characterized in this work are UGCGL1, GARP, and RGS11. The first gene is involved in metabolism of proteins (46) , the second is involved in a variety of functions such as cell-cell interaction (47) , and the third one belongs to a family of proteins that act as regulators of G-protein activity (48) . Besides the presence of DNA amplifications at GARP locus (11q13. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in breast cancer (49) , to our knowledge, the possible involvement of these genes in metabolism or resistance to chemotherapeutic agents has not been described. Actually, the little information existing about these genes set them as new oxaliplatin-related targets of study.
Recently, Cui et al. (50) constructed a cancer signaling map. Interestingly, several of the genes we have validated were mapped near a Ras subnetwork and were directly or indirectly related to p38 kinase, a protein described previously to be involved in oxaliplatin-related apoptotic mechanisms (9) .
It is worth highlighting the involvement of 3 of these genes (AKT1, CDK5 and TRIP) in NF-nh pathway regulation. Taken together, we could postulate a model focused on NF-nB activity in which, in concordance with our results, low levels of TRIP and high levels of AKT1 and CDK5 would contribute to NF-nh activation and consequently cell antiapoptotic activity and oxaliplatin acquired resistance (Fig. 4) . According to this, NF-nh signaling pathway could be considered a good starting point to following studies focused on mechanisms of oxaliplatin resistance acquisition.
Summarizing the results, we identified a set of genes whose expression is related to oxaliplatin resistance acquisition by using an in vitro cellular model. This information may be useful as a starting point to future in vivo studies to validate their role as oxaliplatin resistance markers in colorectal cancer patients.
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